In this study, normal concrete (NC) and four types of self-compacting concrete (SCC), in which cement was partially replaced by 5%, 10%, 15%, and 20% of silica fume (SF), were used to evaluate the effect of SF content on the bond strength of tension lap-spliced bars embedded in NC and SCC specimens. Therefore, 15 full-scale beam specimens (2000 Â 300 Â 200 mm 3 ) were tested and 20 mm reinforcing bars were used with a 300-mm splice length as tension reinforcement. Each beam was designed with bars spliced in a constant moment region at midspan. It was found that the bond strength of the reinforcement embedded in SCC beams was higher than that of the reinforcement in NC beams, whilst the bond strength increased with increase in the replacement of cement by SF from 5% to 10%. Moreover, the beam specimens produced from SCC containing 5% SF had the highest normalized bond strength of 1.07 followed by SCC beams with 10% SF, 15% SF, NC beams, and 20% SF.
Introduction
In the reinforced concrete (RC) members, load is transferred between the main reinforcement and the surrounding concrete through adhesional and mechanical bond. An adequate bond in splice is one of the essential requirements in the design of reinforced concrete structures. The bond between steel and concrete can be provided by concrete surrounding the reinforcement. Therefore, compaction or consolidation is an important factor in construction of RC structures to ensure proper placement of concrete. Insufficient compaction may result in defects in RC members. These construction deficiencies would lead to reductions in durability and structural performance. With the increasing use of congested reinforcement in moment-resisting members, for example, owing to seismic consideration, there is a growing interest in specifying high workability concrete such as self-compacting concrete. The self-compacting concrete (SCC), which was developed in Japan (Ozawa et al. 1989) in the late 1980s, is also a mixture that can flow and fill every corner, even the most inaccessible areas, of a formwork, without vibration or compacting. The SCC mixes essentially contain superplasticizer, high content of fines, for example, cement, pozzolans, and filler (particles smaller than 0.125 mm including sand), and (or) viscosity modifying admixture (VMA). Incorporation of a superplasticizer in concrete plays an important role in maintaining the fluidity, whereas the fine material provides stability of the mix yielding resistance against bleeding and segregation. The use of fine materials such as fly ash (FA), silica fume (SF), ground granulated blast furnace slag (GGBS), or limestone filler in SCC contributes significantly to its fresh and hardened properties as well as to its cost reduction (Bartos 2000; Kurita and Nomura 1998) . The superplasticizer is necessary for producing a highly fluid concrete mix, while the powder materials or viscosity agents are required to maintain sufficient stability / cohesion of the mix, hence reducing bleeding, segregation, and settlement. However, chemical admixtures are expensive, and their use may increase the material cost. Furthermore, an increase in cement content has often other negative effects on concrete properties such as increased thermal stress and shrinkage. Therefore, the requirement for increased powder content in SCC is usually met by using pozzolanic or less reactive filler materials without increasing its cost. Mineral admixtures reduce the dosage of superplasticizer needed because of improved rheological properties as compared with concrete made with the Portland cement only (Yahia et al. 1999) . Silica fume is the one of the most popular pozzolanas, whose addition to concrete mixtures results in lower porosity, permeability, and bleeding because its oxides (SiO 2 ) react with and consume calcium hydroxides, which are produced by hydration of the ordinary Portland cement. Due to its good pozzolan nature, it is usually used in cement like systems in building materials (Hewlett 1998) . Some researchers (Yazicioglu et al. 2006; Turk et al. 2007; Ulucan et al. 2008 ) investigated the mechanical properties and sorptivity characteristics of SCC containing FA or SF under different curing conditions. In a recent study dealing with pull-out tests, Chan et al. (2003) have reported that SCC exhibits higher bond to reinforcing bars and lower reduction in bond strength because of the top-bar effect as compared with the normal concrete. Sonebi et al. (2000) performed bond tests (pull-out tests) with 12 and 20 mm deformed bars placed in concrete specimens of 100 Â 100 Â 150 mm 3 to study the performance of SCC. The test results showed 10%-40% higher normalized bond strength in SCC compared with NC. Several factors affecting the bond strength have been studied by a number of researches. These factors include the composition materials, compressive strength of concrete (Azizinamini et al. 1993; De Larrard et al. 1993; Yerlici and Ö zturan 2000; Ezeldin and Balaguru 1989) , and testing methods and apparatus (Hwang et al. 1996; Esfahani and Rangan 1998; Darwin et al. 1996) . The objectives of this study are to examine the role of silica fume on the bond strength between the lapspliced bars and self-compacting concrete and to compare the bond of reinforcement in SCC and NC.
Experimental program

Materials
Five types of concrete were used in the experimental program, including normal concrete (NC), with 68 mm slump value, as comparatively low-slump concrete; and SCC containing different levels of SF (5%, 10%, 15%, and 20%) as an extremely high workability concrete.
Assuming saturated-dry surface conditions for the aggregates, the mixture proportions of normal and self-compacting concretes were given in Table 1 . A water-to-cementitious material ratio of self-compacting concretes (SCCs) was taken approximately same as for NC, that is, 0.39. While the normal concrete mix was prepared by only ordinary Portland cement, SCC mixes were prepared by replacing cement at 5% intervals from 5% to 20% with SF on mass-for-mass basis. For SCC, a different content of SF as pozzolanic material, as well as a particular type of high-range water-reducing admixture were adopted to achieve self-compactability. Melamine sulfonate based polymer for NC and modified polycarboxylates based polymer for SCC, which had specific gravity of 1.22 and 1.06, respectively, were used as the chemical admixtures.
Mix designs for self-compacting concretes were developed by means of trial mixes based on guidance given in EFNARC (2005) . For SCC mixes, slump flow, T 50 cm , V-funnel, L-box, and sieve segregation resistance tests described in EFNARC (2005) were carried out (Table 2) . When the workability tests were carried out, slump flow values were targeted approximately between 700 and 710 mm. The fresh concrete properties of the nine different concretes are summarized in Table 3 . The results obtained from these tests showed that all SCC mixes had good flow, filling, and passing ability as well as segregation resistance.
Preparation of specimens
Fifteen RC full-scale beams with two deformed bars spliced at midspan were prepared and tested in positive bending to determine the effect of SF on bond-slip characteristics of tension lap-splices. Splices were located at bottom side of the moulds during casting. All beams had 20 mm lap-spliced bars in tension. As seen in Fig. 1 , the loading system was designed to produce a constant moment region in the middle of the beam specimen. The splice length of the deformed bars was set at 300 mm in all beam specimens. This value was selected to develop a steel stress less than yield to ensure splitting mode failure in all beam specimens. A yielding mode of failure provides little or no information regarding bond strength of a reinforcing bar, and the objective was to compare relative bond behaviour of lap splices and not ductility of the splices. The details of test beams were given in Table 4 and Fig. 1 .
The variables used in this study were the percentage replacement by weight of the Portland cement (PC) by SF in SCC. The silica fume contents in mixes were varied from 5% to 20% at 5% intervals by weight of cement. Furthermore, the control mixture without mineral admixture having the low slump of 68 mm was used to compare the bond properties of SCC containing different levels of SF.
The SCC was poured into mould at once without any vibration while normal concrete was cast in two layers using poker vibrator to attain optimum compaction in each beam specimen. When the beam specimens produced from NC were cast, one person was assigned the compaction and vibration to ensure that the concrete placed in each specimen was of the same consistency. Test beams were cast in a horizontal position with the lap-spliced bars located at the bottom of the steel mould. Following casting, all beam specimens and the 150 mm concrete cubes were covered with wet burplap and sealed with plastic sheeting, which continued for 28 d following de-moulding the specimens after 24 h. All specimens were tested at 28 d.
A three part notation system was used to indicate the variables of each beam. The first part of the notation indicates the beam specimen. The second part is the concrete type (NC or SCC). The third is the amount of the replacement levels of SF in a mix. As an example of the notation system, B.SCC.SF5 indicates that the beam specimen was produced from self-compacting concrete containing 5% silica fume.
The length of all beams was 2000 mm with clear distance of 1800 mm between supports. The distance between the two applied loads or the length of the constant moment region was 600 mm. The details of reinforcement were same for all beams. Transverse reinforcement was provided in all beams to prevent shear failure. It consisted of 10 mm grade 60 bars spaced at 8 cm center-to-center and the two top reinforcing bars extending along the entire beam length were 12 mm (Fig. 1). 
Full-scale beam test set-up
The test set-up and the four point loading arrangement used during the load controlled experiments were given in Fig. 1b . The beams were simply supported over a span of 1800 mm and tested until failure takes place. An incremental load of 3.5 kN/s was applied through a 250 kN capacity testing machine until failure, with test lasting for 8 to 10 min. The load from testing machine was transferred through a stiff steel girder onto the specimens in the form of two equally concentrated loads.
At each load stage, deflection readings were taken at the center of the beam using a dial gauge and flexural cracks were marked. Cracks at the side and bottom (tension) faces of the specimens were marked for further analysis. Concrete cover over the splice length in all specimens was first to fail because of the interfacial bond failure between reinforcement bars and concrete.
Test results
Test results are summarized in Table 5 . The measured moment (M exp ) reported is the maximum moment applied in the constant moment region of each specimen at the time of failure. Using the limit state design equations (Dogangun 2003) , it is possible to calculate the tensile stress of the spliced rebar at failure, considering that the spliced rebar is acting as one continuous rebar. The failure mode in all specimens was a face-and-side split failure suggesting that the splice reached its maximum capacity. Therefore, bond strength could be determined through the stress developed in the steel, f s , which was calculated using elastic cracked section analysis and was determined from the maximum load obtained for each beam specimen. In this analysis, the modulus of elasticity of steel, E s was taken as 203.000 MPa, and the modulus of elasticity of concrete was calculated as the average of three samples. The end faces of the samples are ground using an end-face grinder and then checked for evenness and perpendicularity with respect to the vertical axis. During the analysis, tensile stress in concrete below the neutral axis was not taken into account and linear stress-strain behaviour was assumed. To obtain the average bond stress, u t the total force developed in the steel bar (A b f s ) was divided by the surface area of the bar A b over the splice length ðpd b l s Þ as follows:
where A b is the cross-sectional area of the bar, d b is the reinforcing bar diameter; l s is the splice length, and f s is the steel stress. Neutral axis width (c) and steel stress (f s ) are given in Table 5 . 
Load transfer
To assess the effect of SF on beam stiffness, the loaddeflection curves of the beams produced from NC and SCC with SF were plotted on the same graph for 20 mm reinforcing bar size in Fig. 2 . The stiffnesses of these beams were compared by plotting the load versus midspan deflection curve for each beam.
Load-deflection curves of the beam specimens produced from NC and SCC with SF indicated similar stiffness up to cracking load around 30% of the ultimate load. After cracking, B.SCC.SF5 had the greatest stiffness followed by B.SCC.SF20, SF10, SF15, and B.NC.00. Load-deflection stiffnesses of the beam specimens produced from SCC decreased (more deflection for the same load) up to the ulti- mate load as the amount of SF increased from 5% to 15%. However, B.SCC.SF20 had greater stiffness than B.SCC.SF10 and SF15. The increase in the stiffnesses of the beam specimens caused by replacing 20% of cement with SF was noticed by Hamad and Itani (1998) , who found that after cracking, the beam specimens produced from high performance concrete with 20% SF had greater stiffness than the beam specimens with 15% SF. It was observed that the beam specimens produced from SCC containing SF had the greatest stiffness compared with the beam specimens containing NC. Hence, it can be inferred that SF increased the strength of concrete because of its high pozzolanic reactivity and contribution to the interfacial bond strength between aggregate particles and matrix (Caliskan 2003) . Furthermore, SCC surrounded the reinforcing bars sufficiently because of its compactability properties. Table 5 shows the experimental and the theoretical ultimate moment capacities of the reinforced concrete beams produced from NC and SCC. The theoretical ultimate moment M theory was calculated using the limit state design equations (Dogangun 2003) , derived from stress and strain distributions, as shown in Fig. 3 , and assuming the continuous presence of longitudinal bars (i.e., adequate splice length) as
Ultimate moment capacities
is the effective depth, a is the depth of compression stress block, and x is the distance from extreme compression fiber to neutral axis.
The experimental moment M exp was calculated as
It can be seen in Table 5 that the experimental ultimate moment values of the beams produced from SCC containing SF were more close to the theoretical ultimate moment than those of the beams produced from NC, thus, indicating that the the bond strength was improved as the reinforcing bars were completely covered by SCC because of its filling ability (Valcuende and Para 2009) . Moreover, the difference between the experimental and the theoretical moment of B.SCC.SF10 was the least as comparedwith other beams. This may be attributed to the high compressive strength as well as the filling ability of SCC.
Bond strength
In the beam tests, load-midspan deflections, maximum load, and crack patterns were recorded. All the tested beam specimens failed in splitting mode, and cracks were observed on the surface of tested specimens. The bond strength at the maximum load was calculated and then these results were used to interpret the bond strength of reinforcing bar embedded in NC and SCC beams. The bond strength of the reinforcing bar embedded in SCC beam specimens containing all levels of SF was higher than that of the reinforcement embedded in NC beam specimens. As seen in Table 5 , B.SCC.SF10 with 7.05 MPa had the highest average bond strength with a standard deviation of 0.30 MPa followed by B.SCC.SF15 with 7.01 MPa. It was seen that there was not an important difference in the average bond strength when 10% or 15% SF in SCC was used for the replacement of PC by an equal weight as mineral addition. That is, it can be concluded that the use of the replacements of PC by an equal weight of 10% or 15% SF in SCC had more positive effect on the bond strength of reinforcing bar.
However, the bond strength between reinforcing bar and concrete depends on the diameter of the bar, as well as the strength of the concrete. In this study, the diameter of the bar was taken as constant in all beam specimens. The bond strength is often expressed in terms of the square root of the compressive strength or the tensile strength of concrete. Also, according to the provisions of ACI 318-95 (ACI Committee 1995), the bond strength can be greatly influenced by the compressive strength of concrete. To compare the bond properties of SCC containing different dosages of SF, the effect of concrete compressive strength needs to be taken into account. The values of the bond strength were thus normalized (normalized bond strength = u test /(f 0 c ) 1/2 ), and the effect of variations in compressive strength were eliminated. As seen in Fig. 4 , the replacement of cement in SCC by 5%, 10%, and 15% of SF as mineral addition increased the normalized bond strength of reinforcing bar compared with the beam specimens with NC, whilst the beam specimens with 20% SF had the lowest normalized bond strength. Also, the normalized bond strength of the beam specimens with SCC resulted in a reduction as the replacements of PC by SF were varied from 5% to 20% at 5% intervals. The specimen B.SCC.SF5 had the highest normalized bond strength followed by B.SCC.SF10, SF15, B.NC.00, and B.SCC.SF20. However, there was no significant difference between the normalized bond strengths of B.SCC.SF5 at 1.07 and SF10 at 1.06. Besides, B.SCC.SF10 had the highest normalized load, whilst the normalized load of B.SCC.SF20 was the lowest compared with all beam specimens.
In addition to these, the results obtained from this study were compared with another research performed by Hamad and Itani (1998) to reveal the role of SF on the bond strength of reinforcement embedded in SCC. They investigated the effect of SF on the bond strength of the reinforcing bar embedded in high-performance concrete (HPC) using full-scale beams including tension lap-spliced bars in a constant moment region at midspan. Also, the sizes of and the shear span to depth ratio of beams and the casting position used in this study are the same as that of the study of Hamad and Itani (1998) . It is seen from Fig. 5 that the normalized bond strength of the reinforcement embedded in SCC was approximately 14% higher than that of the steel embedded in HPC except for the specimen with 20% SF. Moreover, the bond strength of the reinforcing bar embedded in SCC decreased with the increase in SF content from 5% to 20%, whilst the bond strength of the reinforcement embedded in HPC increased with increase in SF content from 5% to 10%.
Modes of failure
Schematic drawings of the typical cracking patterns of B.NC.00 and B.SCC.SF10 are shown in Fig. 6a and 6b . In all specimens in this study, failure diminishing of load carrying capacity took place at the maximum load just after the longitudinal splitting cracks formed in the bottom cover on the tension side directly below the splice region and in the side cover adjacent to the location of the bars. Failure was due to bond splitting prior to yielding of the steel. Failure developed gradually and was ductile especially when it was compared with NC and no stirrups beams that were tested (Turk and Yildirim 2003; Turk et al. 2005 ). This ductility occurs as a result of the transverse reinforcement and the self-compacting concrete used in producing the beams. Moreover, SCC allowed most bar lugs to contribute to stress transfer between the bars and concrete in the splice region, as well as transverse reinforcement. After failure, the beams carried practically no load. The first flexural cracks in all beams occurred randomly in the constant moment region on the tension side of the beam outside the splice length. As load increased, cracks formed along the entire length of the constant moment region including the splice region. Cracking in the constant moment region consisted of vertical flexural cracks, while cracks outside the constant moment region developed as flexural vertical cracks at a relatively lower load level but transformed into inclined shear cracks at higher load in all beams. The observed cracking patterns on the bottom tension face and on the side of all beam specimens were generally similar to the beams with NC and SCC regardless of the dosage of SF. However, the longitudinal cracks of the beam specimens with SCC containing SF on the bottom tension face and adjacent to the reinforcement bars were more than those of all beam specimens. Furthermore, it was observed that beam specimens with SCC had more cracks, greater average crack width, and longer cracks compared with the NC beam specimens because SCC has better filling ability to surround the reinforcing bar efficiently (Valcuende and Para 2009) and high compressive strength. The final mode of failure in all beam specimens was a face-and-side split failure.
Conclusions
Experimental results of 15 full-scale RC beams produced from NC and SCC are reported in this paper. The following conclusions can be drawn from observations:
1. The specimen B.SCC.SF5 had more stiffness as compared with B.SCC.SF20, SF10, SF15, and B.NC.00 because SCC with SF has high compressive strength and it surround the reinforcing bars sufficiently because of its filling ability. Furthermore, when the amount of SF replacing cement in SCC increased from 5% to 15%, the stiffnesses of the beam specimens produced from SCC decreased up to the ultimate load. However, B.SCC.SF20 had greater stiffness than B.SCC.SF10 and SF15. 2. The experimental ultimate moment values of the beam specimens with SCC containing SF were more close to This study Hamad and Itani (1998) the theoretical ultimate moment than those of the beam specimen with NC. Also, the experimental and the theoretical moment of B.SCC.SF10 was the closest compared with the other beams. 3. The bond strength of the reinforcing bar embedded in SCC beam specimens containing all levels of SF was higher than that of the reinforcement embedded in NC beam specimens. The specimen B.SCC.SF10 had the highest average bond strength of 7.05 MPa, which was followed by B.SCC.SF15 at 7.01 MPa. Therefore, it can be said that the replacements of PC by 10% or 15% SF in SCC had more positive effect on the bond strength of reinforcing bar compared with SCC beam specimens with 5% and 20% SF. 4. The normalized bond strength of the beam specimens with SCC was reduced when the Portland cement was replaced by an equal weight of SF from 5% to 20%. The specimen B.SCC.SF5 had the highest normalized bond strength of 1.07, which was followed by B.SCC.SF10 at 1.06. Furthermore, B.SCC.SF10 had the highest normalized load, whereas the normalized load of B.SCC.SF20 was the lowest compared with other beam specimens. T 1 tensile load on the reinforcement due to compressive load (N) T 2 tensile load on the reinforcement due to the compressive reinforcement (N) u t average bond stress corresponding to the maximum applied load (MPa) x distance from the extreme compression fibre to the neutral axis (mm) z distance between the resultant tensile and compressive loads (mm)
